The singlet to triplet exciton formation ratio in electron-hole recombination is predicted theoretically to be higher than 1/3 for conjugated polymers doped with magnetic transition-metal complexes. The intersystem crossing rate between the nearly degenerate second lowest triplet and singlet excitons is increased by the exchange coupling between the electrons in conjugated polymers and the magnetic moment of the metal ions in the complexes. A large fraction of the second lowest triplet excitons can be transformed into singlet because of the slow relaxation to the lowest triplet exciton. The net result is the enhancement of the singlet exciton formation ratio. The electroluminescence quantum efficiency can be raised significantly within a range of optimal doping density.
I. INTRODUCTION
The internal quantum yield int for electroluminescence ͑EL͒ of conjugated polymers, defined as the number of photons generated per injected electron-hole pair, is composed of three factors: int ϭ ex S r . ex is the exciton formation ratio per injected pair, S is the recombination branching ratio through the spin singlet, and r is the singlet exciton radiative decay probability. r can be over 0.6 with improved material purity as suggested by photoluminescence efficiency, 1 while ex can be increased by using multilayer structures. 2 Therefore S can be taken as the theoretical limit for int . Due to the weak spin-orbital coupling in carbon atom, it has been assumed that the Coulomb capture of an electron-hole pair to form an exciton is independent of the spin configuration. 2, 3 Considering spin statistics, one-fourth of the electron-hole pairs become singlet excitons and threefourths become triplet. Because the triplet exciton is lower in energy than the singlet for about 1 eV, 4, 5 it is impossible for them to transfer back to the singlet before it decays either nonradiatively or through phosphorescence. This sets an upper bound on int at 1/4, much lower than the EL quantum yield achieved in inorganic semiconductors, and poses a serious constraint for the development of highly efficient light emitting polymer devices. Recently there have been experimental and theoretical works which suggest that the electronhole recombination is spin dependent. [6] [7] [8] [9] [10] [11] [12] [13] In particular, S is found to be 0.57 for heavy-atom-containing polymers. 14 However, for the most promising polymers in light emitting diode applications, e.g., poly(p-phenylene vinylene͒ ͑PPV͒, polyfluorene ͑PFO͒, and their derivatives, there is no heavy atom in the backbone and a large proportion of triplet excitons is expected to form and seriously limits the efficiency. Doping of small-molecule triplet emitters containing heavy atoms has been used to harvest the triplet excitons.
14 However, the triplet emitters can only raise phosphorescence but not EL which results exclusively from the radiative decay of the singlet excitons. It is therefore highly desirable to identify a physical mechanism which redirects the triplet electron-hole pair into the singlet exciton and contributes to the EL efficiency.
In this paper we propose theoretically that a triplet electron-hole pair can be redirected into a singlet exciton by introducing transition-metal complexes into the conjugated polymer films. The transition-metal ion with a partially filled d shell carries a magnetic moment, which is coupled to the electrons in the conjugated polymer through the exchange interaction and causes intersystem crossing between the singlet and triplet excitons in the polymer. With such magnetic doping the electron-hole capture and exciton formation process become spin dependent and the upper limit of 1/4 for S can be lifted. The main effect of the magnetic moment is not to cause intersystem crossing between the lowest triplet and singlet exctions, but between the nearly degenerate second lowest triplet and singlet excitons. In fact, triplet excitons have to be intercepted and redirected into the singlet sector before it relaxes into the lowest triplet exciton, which is much lower than any other excitons due to the large exchange splitting. 4 The spin-dependent relaxation process is shown in Fig. 1 . S1 and T1 are the lowest singlet and triplet excitons. S2 and T2 are the second lowest singlet and triplet excitons. S1 decays radiatively with probability r , while FIG. 1. The energy levels and relaxation channels for the singlet excitons (S1, S2) and triplet excitons (T1, T2) are shown. The decay from S2 and S1 is so fast that the S2→T2 transition can be neglected. Due to the large energy splitting between S1 and T1, the T1→S1 transition is also neglected.
T1 decays mainly nonradiatively. The energy splitting around 1.5 eV between T2 and T1 is nine times larger than the optical phonon energy of 0.17 eV. So the relaxation between T2 and T1 is limited by the slow multiphonon emission. In the presence of magnetic doping, the spin-forbidden channel between nearly degenerate S2 and T2 is opened, such that T2 excitons can make a transition to S2 then rapidly relax to S1 and decay radiatively. The transition from S2 to T2 is, however, negligible due to the fast relaxation from S2 to S1. S1 exciton may be also transformed to T1 by the dopants then decays nonradiatively. Therefore the quantum efficiency is the result of the competition between the two channels T2→S2 and S1→T1. Our calculation shows that there exists a range of the doping density in which the singlet branching ratio S is considerably larger than 1/4.
In Sec. II, we formulate the Hamiltonian for the exchange interaction between the electron in conjugated polymer and the d electron in the dopant. In Sec. III, we calculate the spin-flip matrix element and transition rate between singlet and triplet excitons. In Sec. IV, we substitute the transition rates in Sec. III into the rate equations for the spin-dependent exciton formation, and obtain the singlet branching ratio S as a function of the magnetic doping density. A discussion and conclusion are given in Sec. V and VI, respectively.
II. EXCHANGE INTERACTION BETWEEN EXTENDED ELECTRONS AND LOCALIZED d ELECTRONS

A. Total Hamiltonian
The total Hamiltonian H for the electrons in one infinite conjugated polymer chain interacting with the d electrons in the central metal ion of a transition-metal complex close to the polymer backbone is
Here H 0 is the single-particle part including the bands and the d orbitals of a free metal ion. H d cry is the crystal field exerted on the metal ion by the surrounding ligands. 15 
For a free transition-metal ion, its total spin angular momentum quantum number S and orbital angular momentum quantum number L for the ground state are determined by the Hund's rules after H d c is included. The (2Sϩ1)ϫ(2Lϩ1)-fold degeneracy is only broken by the spin-orbital interaction. However, for an ion in the complex the orbital angular momentum is usually quenched by the crystal-field H d cry due to the ligands, such that only (2Sϩ1)-fold spin degeneracy is left. The electronic configurations for the d electrons depend on the ligand number and structure. For example, there are square and tetrahedron for four ligands, trigonal bipyramid for five, and octahedron for six. 15, 16 The level splitting for the case of octahedral crystal field is shown in Fig. 2 . The magnitude of the splitting increases from left to right in the spectrochemical series for the ligands: 16 Assume that all the lower d orbitals are occupied by one electron. If the splitting is less than the Coulomb repulsion energy between two electrons in the same orbital, the next electron will be filled into the higher level. This is the case of high spin ͓Fig. 2͑a͔͒. On the other hand if the splitting is larger than the Coulomb repulsion, the electron will be filled into the lower level to form electron pair with spin up and down. This is the case of low spin ͓Fig. 2͑b͔͒. For an isolated metal complex with n electrons in the d shell, the total n-particle wave function ͉ d ͘ for the d electrons with a given ligand field contains orbital and spin parts: 
͑7͒
The band index is neglected for simplicity. R d is the position of the nucleus of the metal ion. 
Replacing ͗kЈm͉V͉mk͘ by their summation V k Ј k over m, H d ex can be further approximated as
͑9͒
The total d electron spin operators are defined as
S are two times the Pauli matrices. In order to calculate the exchange integral in Eq. ͑7͒ we need the explicit form of the single-particle wave functions. For d electrons we consider the quite common octahedral ligand structure, for which the five d orbitals split into three t 2g orbitals and two e g orbitals. 
͑11͒
n is the index for unit cell, aϭ6.5 Å is the lattice constant, R n is the lattice point for the nth unit cell, and k (r) is the linear combination of the eight 2p z orbitals i (r) with coefficient b i (k). iϭ1, . . . ,8 is the index for carbon atoms in the repeat unit as labeled in Fig. 4 . The energy band (k) and the coefficient b i (k) are calculated by diagonalizing the 8 ϫ8 matrix in the tight-binding method. The off-diagonal resonant integral for the bonds are indicated in Fig. 4 . t is the resonance integral for the phenyl bond, t 1 for the single bond, and t 2 for the double bond. We use tϭϪ3.1 eV, t 1 ϭϪ2.2 eV, and t 2 ϭϪ3.0 eV to fit the energy gap 2.8 eV for PPV. There is a total of eight bands. We need only the states of the conduction and valence bands.
III. SPIN-FLIP TRANSITION
A. Free carrier spin flip
In the calculation below we consider an octahedral complex with five d electrons in the central ion. The total wave function of the ion is an simultaneous eigenstate of S d 2 and S dz , and is assumed to be in the high spin configuration S ϭ5/2. In order to flip the spin for the electron in the conduction band, the magnetic quantum number m of the d electron must decrease or increase by 1 in order to satisfy the total spin conservation. We consider the transition from ͉S ϭ5/2,M S ϭ5/2͘ to ͉Sϭ5/2,M S Јϭ3/2͘ first. In occupation number representation, the initial state for the combined system including the and d electron is
͑12͒
The final state is
Here ͉S,M S ,k͘ is the total wave function with total spin S and magnetic quantum number M S for the d electron, wave number k, and spin for conduction-band electron. 
The value for V kk Ј is independent of the angular momentum quantum number for the d electron and the electron. For a given -electron initial state ͉k,͘ and ͉kЈ,Ј͘, the transition matrix element for all d-electron initial and final moment, M S and M S Ј , can be obtained through Eq. ͑14͒ once any one of them is calculated by performing the exchange integral in Eq. ͑7͒. For the spin flip of holes, we can simply replace the conduction-band creation operator by the valence-band annihilation operator. 
B. Transition rate between singlet and triplet excitons
The wave functions for the lowest (S1, T1) and second lowest (S2, T2) singlet and triplet excitons can be expanded by electron-hole pairs as
where ͉k e ,k h Ј ͘ϭa k e c † a Ϫk h vϪ Ј ͉0͘ is the electron-hole pair wave function. S 1(2) (k e ,k h ) and T 1(2) (k e ,k h ) are the exciton envelope functions. The exciton wave functions are exponential in the real space, so in terms of the total wave number of exciton Kϭk e ϩk h we approximate their momentum space envelope functions as Lorentzians,
͑20͒
N is the number of the repeat units, w c ϭ2.0 eV and w v ϭ2.3 eV ͑Ref. 4͒ are the bandwidth for conduction and valence band, respectively. w ex ϭ1/(1/w c ϩ1/w v )ϭ1.07 eV is the width of the exciton band. a S1 ϭ20 Å ͑Ref. 20͒ is the Bohr radius for the lowest singlet state, a T1 ϭ13 Å for the lowest triplet state. T 2 (k e ,k h ) is obtained from T 1 (k e ,k h ) by replacing a T1 by a T2 ϭ30 Å , then taking the partial derivative with k e with proper normalization. The result is
͑21͒
Due to the exchange energy for the electrons, S1 is higher than T1 so a T1 is smaller than a S1 . Exchange energy does not cause energy splitting between S2 and T2 within singleconfiguration-interaction approximation, 21 and there is near degeneracy between them. We take their Bohr radius and wave functions to be the same, i.e., S 2 (k e ,k h )ϭT 2 (k e ,k h ).
With the expressions for the singlet and triplet excitons in terms of electron-hole pairs and the transition matrix element for the free carriers in the last section, the intersystem crossing rate between triplet and singlet excitons, W S1T1 (K S1 ) and W T2S2 (K T2 ), can be calculated from Fermis golden rule,
M ϭ0,Ϯ1 is the magnetic quantum number of the triplet exciton. The results are independent of M. 1/6 is due to average over M S . K S1 , K S2 , K T1 , and K T2 are total wave numbers of the corresponding excitons. The exciton energy dispersions are E S1 (K)ϭE S1 ϩw ex /2 ϩ(w ex /2) cos (Ka), E S2 (K) ϭ E S2 ϩ w ex /2 ϩ (w ex /2) cos (Ka), E T1 (K)ϭE T1 ϩw ex /2ϩ(w ex /2) cos (Ka), and E T2 (K)ϭE T2 ϩw ex /2ϩ(w ex /2) cos (Ka). E S1 ϭ2.4 eV, 4 E S2 ϭ2.8 eV, E T1 ϭ1.5 eV, and E T2 ϭ2.7 eV are the the minimum energy for each exciton band measured from the ground state. W S1T1 and W T2S2 are inversely proportional to the number of repeat units N in the chain because there is only one dopant for the whole chain. In practice, there are many dopants and the transition rate ␥ S1T1 and ␥ T2S2 are equal to W S1T1 and W T2S2 times the number of dopants in the chain NN d . The doping density N d is the average number of dopant per repeat unit. For convenience, we define two chain size independent volume transition rates w S1T1 ϵW S1T1 N and w T2S2 ϵW T2S2 N. The actual transition rates can be expressed as ␥ T2S2 ϭw T2S2 N d , ␥ S1T1 ϭ3w S1T1 N d . The factor of 3 is due to the three possible final states with equal rate. At finite temperature, we need to make a thermal average over the exciton wave numbers K for the initial state,
, ͑24͒
and
.
͑25͒
␤ is 1/k B T, k B is Boltzmann constant, and T is the temperature.
We take the position R d of the central metal ion in the dopant to be right above the center of the phenyl ring. The rate does not change significantly as R d moves horizontally with fixed vertical distance from the chain. In practice the vertical distance R d between the metal ion and the polymer plane depends, of course, on the size of the ligands surrounding the metal ion. For large ligands it is impossible for the wave function of the metal d electron and the polymer electrons to overlap and have exchange coupling. So we concentrate on the case of metal complexes with smaller ligands like halogen atoms as FeCl 4 Ϫ . In order to show the strong effect of R d on the exchange coupling, we plot in Fig. 5 the system-size independent exchange integral NV k,k Ј with k ϭkЈϭ0 and the volume intersystem crossing rate w T2S2 as a function of R d . The exchange integral NV 0,0 varies from 0.2 to 0.08 eV as R d increase from 1.5 to 2 Å . This is close to exchange integral of 0.18 -0.26 eV for the substitutional magnetic ion in inorganic semiconductors 22 whose bond length is around 2 Å . In our case the dopant is not chemically bonded to the polymer chain and the distance is larger. As R d increases and the wave function overlap diminishes both NV 0,0 and w T2S2 decay exponentially as expected. For the small ligand complexes the size of the whole complex is around 3-4 Å , so in the following we take R d to be fixed at 3 Å unless otherwise specified. For R d beyond 3.5 Å the effect of the dopant becomes negligible. In Fig. 6 , the thermally averaged intersystem crossing rates ␥ S1T1 and ␥ T2S2 are shown as a function of temperature for various ⌬E S2T2 . ␥ T2S2 (T) increases as T increases or ⌬E S2T2 decreases because more carriers can be thermally excited above the small barrier between S2 and T2. It is generally agreed that the energy splitting between T2 and S2 is smaller than 0.1 eV, but there is an uncertainty on its actual value since it is difficult to be measured directly. When ⌬E S2T2 is below 0.05 eV, ␥ T2S2 (T) becomes higher than ␥ S1T1 (T). Larger ␥ T2S2 (T) will cause more T2→S2→S1 transition which increases the efficiency, as discussed in the next section.
IV. RATE EQUATIONS AND THE SINGLET FORMATION RATIO
Using the intersystem crossing rates in the last section, we can formulate a set of spin-dependent rate equations for exciton formation and calculate the singlet formation ratio S .
The intersystem crossing rate from S2 to T2 is much smaller than the spin and one-phonon allowed subpicosecond relaxation from S2 to S1. 23 So S2 to T2 transition can be neglected in the rate equations. The rate from T1 to S1 is also negligible because S1 is much higher in energy. 4, 5 Due to the fast relaxation between S2 and S1 there is no need to distinguish them in the rate equation. So the total singlet exciton density is labeled as N S . N T2 and N T1 are the densities for T2 and T1 triplet excitons.
The considerations in the previous sections are restricted to one single perfect polymer chain. In practice, the number of repeat unit N c of a conjugation segment is about ten 24 . Instead of delocalized in an infinite perfect chain, the excitons hop among the conjugation segments due to the Forster or Dexter energy-transfer mechanisms. The time scale tr for the transfer is subpicosecond. 23 For an exciton in a conjugation segment with N c ϭ10 and containing a dopant, the intersystem crossing time is about 10/w T2S2 ϳ100 ps, which is much slower than the transfer time. In other words, the excitons experience many segments and sample an averaged doping concentration. Consider a finite time ⌬t which is much longer than tr but much shorter than the intersystem crossing time. Within ⌬t the excitons visit ⌬t/ tr of conjugation segments. For each segment the probability that there is a dopant is N c N d . If the exciton is in one such segment, the probability that it makes an intersystem crossing is tr w/N c . So the probability ⌬ P that an exicton makes an intersystem crossing within ⌬t is (⌬t/ tr ) (N c N d )( tr w/N c )  ϭN d w⌬t. Therefore the averaged effective intersystem FIG. 5 . The effect of the metal-polymer distance R d on the strength of the exchange coupling is shown. Both the exchange integral and the resulting intersystem crossing rate w T2S2 decrease exponentially as R d increases due to reduced wave function overlap. For w T2S2 the temperature is 300 K, there is no energy splitting between S2 and T2 levels, and the total spin S of the metal ion is 5/2.
FIG. 6. The volume intersystem crossing rate w S1T1 and w T2S2 for various T2/S2 energy splitting ⌬E S2T2 are plotted as functions of temperature T. The total spin quantum number S for the metal ions is assumed to be 5/2. The actual transition rate is the volume rate times the number of dopant per repeat unit. w S1T1 is independent of T because the T1/S1 energy splitting is much large than the thermal energy.
crossing rate is ⌬ P/⌬tϭwN d , irrespective of the conjugation length N c . The relation ␥ϭwN d in the previous section between the actual intersystem crossing rate ␥ and the volume rate w is thus justified for a film of many polymer chains with finite conjugation length. The above consideration is not valid if the doping is so low that many excitons do not have the chance to encounter a dopant before they decay. The exciton diffusion volume is l ex 3 , where l ex is the exciton diffusion length and v is the primitive cell volume. The singlet exciton diffusion length is about 100 Å, 25 so we can take it as the lower bound for the diffusion length of the longer-lived triplet exciton. There are totally l ex 3 /v repeat units in the diffusion length. The probability q that at least one of the repeat units contains a dopant is 1 Ϫexp (ϪN d l ex 3 /v). Effectively this corresponds to a modification ␥ T2S2 →q␥ T2S2 for the intersystem crossing rate. q is actually almost equal to 1 for the physically interested doping regime. Finally the rate equations for the exciton densities in a realistic polymer film are
␥ S is the singlet exciton decay rate. ␥ T is the triplet exciton decay rate. G is the rate of the initial electron-hole capture which is assumed to be spin independent. So one-quarter of the electron-hole pairs become S2, and three-quarters become T2 initially. There are then two possible ways to go from T2. The first is T2→T1, the second is T2→S2 →S1. The branching ratio between the above two ways is equal to the ratio of their rates ␥ T2S2 /␥ TT . Because the T2/T1 energy splitting around 1.5 eV is nine times larger than the optical phonon energy 0.17 eV, there is expected to be a phonon bottleneck 13 between T2 and T1 and the rate ␥ TT can be as low as 2.7ϫ10 8 s Ϫ1 . There is therefore the chance to control the branching ratio by raising ␥ T2S2 above ␥ TT through magnetic doping. As for the S2 exciton, there are also two possible ways to go. The first is S2→S1 → ground state, and the second is S2→S1→T1. The magnetic doping enhances the second possibility. The ratio R TS between recombination through the triplet and singlet is given by ͓␥ T N T1 ͔/͓␥ S N S ͔, which can be obtained from the steady-state solution of the rate equation,
͑29͒
The singlet recombination branching ratio S is related to R TS by S ϭ1/(1ϩR TS ). S ϭ1/4(R TS ϭ3) if there is no intersystem crossing. If intersystem crossing is introduced by magnetic doping, S will deviate from 1/4. In order to redirect the triplet electron-hole pair into the singlet exciton, two requirements need to be satisfied: ␥ T2S2 Ͼ␥ TT and ␥ S1T1 Ͻ␥ S . The former condition makes the redirection from T2 to S2 possible, while the latter condition ensures that most of the S1 excitons do not decay nonradiatively through the intersystem crossing to T1. ␥ TT and ␥ S are intrinsic material parameters, while ␥ T2S2 and ␥ S1T1 are proportional to the density N d of the magnetic doping. Increasing the doping density favors the former requirement but disfavors the latter. One of the main purposes of our theoretical calculation is to decide whether these two requirements can be satisfied simultaneously or not. The picture is qualitatively illustrated in Fig. 7 . These two requirements define a shaded region in the ␥ T2S2 -␥ S1T1 plane where the yield can be raised. As the doping density N d changes, a straight line is mapped from the origin. The slope of the line ␥ S1T1 /␥ T2S2 is an intrinsic property of the d-exchange coupling and is independent of the doping density. For larger slope we have line A and the yield can never be raised. For smaller slope we have line B and the yield can be raised in an optimal range of doping density.
The range of N d where S Ͼ1/4 corresponds to the case that the line passes through the dark region. The minimum requirement for the magnetic doping to work is ␥ S1T1 /␥ T2S2 Ͻ␥ S /␥ TT . Our calculation shows that it is indeed the case.
S as a function of N d for various ⌬E S2T2 is plotted in Fig.  8 clearly see that the fast intersystem crossing between T2 and S2 excitons due to near degeneracy and slow decay from T2 to T1 excitons due to large energy gap are the two key conditions for the mechanism to succeed. In Fig. 10 , S is plotted for various metal-polymer vertical distance R d . The optimum doping density shifts to higher values as R d increases and the strength of the dopants decreases. The physically relevant range of R d is between 3 and 3.5 Å. Due to the ligands surrounding the metal ion it is impossible to have R d Ͻ3 Å . For R d Ͼ3.5 Å the exchange coupling is so weak that there is no effect of doping on S .
V. DISCUSSION
Ligands are ignored in our calculation except for introducing crystal field. The ligands may block the overlap between the wave functions of the and d electrons. In order to let the d orbitals overlap with the orbitals easily, a transition-metal complex with square planar geometry appears to be a proper choice. But such complexes usually contains eight d electrons which occupy four d orbitals. Since there is no unpaired electron, flipping the spin of one electron will violate the Pauli exclusion principle. Therefore, even though the ion is not shielded by the ligand in the out-of-plane direction, metal complexes with square planar geometry do not provide free moment to cause the desired spin-flip for the electron. On the other hand, complexes with octahedral or tetrahedral geometry usually have five or six d electrons and provide free moments to flip the electron spin. Although the d electrons appear to be enclosed inside the octahedron or tetrahedral by the ligands, the wave function can actually stretch out to interact with the electron on the polymer chain. 15 The measurement of the electron spin resonance signal of the electron in polyaniline doped with the tetrahedral FeCl 4 Ϫ ion provides an evidence that there is still strong wave-function overlap between the electron in the polymer and the d electron in Fe 3ϩ ion despite the enclosure of the ion inside the tetrahedron. 26 It is therefore possible to use a nonplanar complex as a dopant. The actual positions of the complexes in the polymer matrix are difficult to predict, considering the amorphous nature of the spin-coated film. The distance R d between the metal ion and the polymer plane has been chosen to be about half of the polymer interchain distance in the calculation. In practice, the distance may be more than that because of the ligands surrounding the ion. In general, complexes with small ligands are expected to have a higher chance to come close to the polymer backbone. In addition to geometry, the spin configuration also affects the exchange coupling strength. Depending on the magnitude of the energy splitting for the d electrons due to the ligand crystal field, the electrons will take either high spin or low spin configuration. We present only the high spin case, which offers larger magnetic moment and stronger exchange coupling to the electron. But the intersystem crossing rate for the low spin case in our calculation is in the same order of magnitude. In other words, S can be raised or lowered as long as there is a free moment in the ion no matter how large the moment is.
The most convenient way to introduce the complexes into conjugated polymer film is to resolve both the complex and the polymer in the same solution then spin coat to form the film. Good solubility of the complex in the solution is therefore required for uniform doping. After being mixed into the solution, some complexes may change their structure and properties due to the physical and chemical interaction between them and the solution. For example, planar complexes tend to stack together, and FeCl 3 is highly reactive with the polymer itself. Such instability should be avoided in order to preserve the validity of this mechanism. Organic ferromagnetic materials 27 may also be used as dopants. Another way to introduce magnetic interaction is to synthesize new conjugated polymers with transition-metal ions attached to the side groups. This will make the relative position between the magnetic doping and polymer chain closer and more stable.
VI. CONCLUSION
It is predicted theoretically that doping transition-metal complexes into conjugated polymer film can effectively enhance the intersystem crossing during exciton relaxation through the exchange coupling. With optimal doping density about 10 Ϫ4 -10 Ϫ3 per repeat unit, the singlet exciton formation ratio in a light-emitting diode can be raised from the spin-independent value 0.25 to 0.9. Slow triplet relaxation time TT due to large energy gap between the lowest and the second lowest triplet excitons and fast intersystem crossing from the second lowest triplet to the second lowest singlet excitons due to near degeneracy make this enhancement mechanism possible.
